Houldin A, Chua R, Carpenter MG, Lam T. Limited interlimb transfer of locomotor adaptations to a velocity-dependent force field during unipedal walking. J Neurophysiol 108: 943-952, 2012. First published May 16, 2012 doi:10.1152 doi:10. /jn.00670.2011ies have demonstrated that motor adaptations to a novel task environment can be transferred between limbs. Such interlimb transfer of motor commands is consistent with the notion of centrally driven strategies that can be generalized across different frames of reference. So far, studies of interlimb transfer of locomotor adaptations have yielded disparate results. Here we sought to determine whether locomotor adaptations in one (trained) leg show transfer to the other (test) leg during a unipedal walking task. We hypothesized that adaptation in the test leg to a velocity-dependent force field previously experienced by the trained leg will be faster, as revealed by faster recovery of kinematic errors and earlier onset of aftereffects. Twenty ablebodied adults walked unipedally in the Lokomat robotic gait orthosis, which applied velocity-dependent resistance to the legs. The amount of resistance was scaled to 10% of each individual's maximum voluntary contraction of the hip flexors. Electromyography and kinematics of the lower limb were recorded. All subjects were right-leg dominant and were tested for transfer of motor adaptations from the right leg to the left leg. Catch trials, consisting of unexpected removal of resistance, were presented after the first step with resistance and after a period of adaptation to test for aftereffects. We found no significant differences in the sizes of the aftereffects between the two legs, except for peak hip flexion during swing, or in the rate at which peak hip flexion adapted during steps against resistance between the two legs. Our results indicate that interlimb transfer of these types of locomotor adaptation is not a robust phenomenon. These findings add to our current understanding of motor adaptations and provide further evidence that generalization of adaptations may be dependent on the movement task.
generalization; locomotion; aftereffects; Lokomat RELAY OF INFORMATION about the current and future state of limb movement from one leg to the other helps to optimize walking strategies while navigating through the environment. However, independent movement of the limbs also provides flexibility during daily activities such as turning a corner. In either scenario, feedback-mediated mechanisms (reflexes) aid the central nervous system in adjusting to sensory perturbations during walking. A strong body of evidence suggests that proprioceptive input helps to initiate and drive the locomotor pattern (Conway et al. 1987; Grillner and Rossignol 1978; Hiebert and Pearson 1999) . With sustained exposure to a perturbation, the nervous system also develops feedforward anticipatory motor adaptations to respond to the impending disturbance. An internal model of limb dynamics is a proposed mechanism for this type of movement planning (Shadmehr and Mussa-Ivaldi 1994) . Created and updated through kinematic and kinetic adjustments that accommodate movement error (Kawato 1999) , the structures involved in internal model formation are thought to reside in the cerebellum and frontal lobe (Bastian 2006; Hwang and Shadmehr 2005) .
Sustained exposure to a force-field resistance against limb movement is a type of perturbation that has been demonstrated to evoke anticipatory motor adaptations. For example, resistance applied to hip and knee motion during walking will increase flexor muscle activity during the swing phase of walking in decerebrate cats and in human infants and adults (Lam et al. 2003 (Lam et al. , 2006 Lam and Pearson 2001) . With sustained exposure to the perturbation, adaptations indicative of the development of anticipatory motor commands are also observed (Emken and Reinkensmeyer 2005; Fortin et al. 2009; Lam et al. 2006; Noble and Prentice 2006; Savin et al. 2010) . Such anticipatory motor commands are revealed by the presence of aftereffects following the unexpected removal of the perturbation (Emken and Reinkensmeyer 2005; Fortin et al. 2009; Lam et al. 2006; Noble and Prentice 2006) . These predictive commands may even be stored for future use and recalled up to 1 day after the initial training in a novel walking environment (Fortin et al. 2009 ).
Predictive commands based on an internal model may also be used for variations on the original trained movement task (Shadmehr and Mussa-Ivaldi 1994) . This generalization of an adaptation allows for efficiency in motor planning. Generalizations of the same upper limb manipulandum tasks can occur across limbs, indicative of interlimb transfer of feedforward anticipatory adaptations (CriscimagnaHemminger et al. 2003) . Several studies in the upper limbs have demonstrated that it takes less time to adapt to a perturbation after previous exposure and training in the opposite limb (Criscimagna-Hemminger et al. 2003; Sainburg and Wang 2002; Wang and Sainburg 2004) . Shadmehr and Mussa-Ivaldi (1994) also demonstrated that after reaching adaptations to a force field in one arm there were immediate aftereffects when subjects used the opposite arm to reach in a null field, even though there was no previous exposure to the force field in that arm.
Only a few studies have investigated interlimb generalizations between the lower limbs during walking (Choi and Bastian 2007; Prokop et al. 1995; van Hedel et al. 2002) . For split-belt treadmill walking, adaptations in interlimb coordina-tion do not show interlimb transfer (Choi and Bastian 2007) . However, during split-belt treadmill walking, the perturbation (divergent belt speeds) itself entrains the required adaptation (interlimb coupling), making it difficult to assess interlimb transfer. For locomotor adaptations that rely less on interlimb coupling, such as learning a new obstacle avoidance task, there is evidence for interlimb transfer of adaptations (van Hedel et al. 2002) . Foot clearance, lower limb electromyographic (EMG) activity, and knee joint trajectory parameters of the test leg all showed faster adaptation rates than those of the initial trained leg (van Hedel et al. 2002) . However, in that particular study, an acoustic signal was provided to prompt the subject on the impending disturbance and provide feedback on performance (van Hedel et al. 2002) , and it is possible that the explicit nature of this learning task facilitated the transfer (Malfait and Ostry 2004) .
So far, the literature about interlimb transfer of locomotor adaptations is inconclusive. Some confounding factors that may have contributed to divergent conclusions from previous studies include the inherent manipulation of interlimb coupling during the locomotor adaptation (Choi and Bastian 2007) or the provision of explicit feedback about task performance (van Hedel et al. 2002) . Also, the adaptation tasks used in these previous studies may not have required recalibration of an internal model of limb dynamics. In this study, we sought to determine whether there is interlimb generalization of adaptations to a short-term, novel locomotor task using a perturbation that manipulates limb dynamics during walking. We did not provide any explicit feedback about task performance, and subjects walked unipedally to reduce the potential effects of interlimb coupling on interlimb transfer. First, we hypothesized that feedforward locomotor adaptations to a velocity-dependent resistance during unipedal walking will occur more quickly if the opposite leg was previously exposed to the resistance. Previous work showed that aftereffects following exposure to a velocity-dependent resistance appear quite quickly, after at least three steps against resistance (Lam et al. 2006) . We reasoned that if there is interlimb transfer of adaptations, aftereffects in the test leg should appear sooner compared with the timing of their appearance in the trained leg. Second, previous work in upper limb reach adaptation tasks also showed that interlimb transfer effects can be so robust that aftereffects can be observed as soon as the test limb undertakes the task, even before it has been exposed to the perturbation (Shadmehr and Mussa-Ivaldi 1994) . Thus we also hypothesized that if there is indeed a central commanding internal model that does not discriminate between the two sides of the body, the first aftereffect of the test leg may be observed as soon as that leg is permitted to move. In addition, since locomotor adaptations can be retained and recalled as much as 1 day later (Fortin et al. 2009) , evidence for interlimb transfer should still be observed even after any aftereffects on the trained leg have been washed out.
METHODS

Subjects
Twenty able-bodied adults (13 women, 7 men; age: mean ϭ 25.4 yr, SD ϭ 3.69 yr; height: mean ϭ 172.13 cm, SD ϭ 8.32 cm; weight: mean ϭ 68.96 kg, SD ϭ 12.73 kg) were recruited to participate in this study. All subjects selected were screened for right leg dominance by asking them which leg they would use to kick a soccer ball (Sadeghi et al. 2000) . Subjects were excluded if they participated in a sport that induces leg dominance, e.g., soccer. Subjects with a known medical condition (gait impairment, musculoskeletal disease) or cognitive disorder that could prevent them from engaging in exercise were excluded. All experimental procedures were approved by the University of British Columbia Behavioural Research Ethics Board. All subjects gave their voluntary, written informed consent.
Data Collection
Surface EMG (Delsys, Boston, MA) was used to record activity bilaterally from the rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and medial gastrocnemius (MG). To reduce impedance, the skin was shaved, abraded, and wiped with alcohol before the EMG electrodes were applied. A ground electrode was placed over the surface of the proximal tibia of either leg. Hip and knee joint angles were collected from Lokomat position sensors. Ankle angles were recorded bilaterally with electrogoniometers (Biometrics, Cwmfelinfach, UK). Force-sensitive resistors (FSRs; Interlink Electronics, Camarillo, CA) were placed under the heel and great toe of each foot. EMG and kinematic data were sampled at 1,000 Hz and stored on computer for off-line analysis.
An active motion capture system (Optotrak; Northern Digital, Waterloo, ON, Canada) was used to record foot trajectory. An infrared-emitting marker was secured over the 5th metatarsal heads bipedally in order to track toe trajectory height and stride length during walking. Marker data were collected at 100 Hz. A custommade switch was used to send a common 5-V pulse to all acquisition systems for off-line synchronization of the data.
Experimental Setup
Subjects were fitted to the Lokomat gait orthosis (Hocoma, Volketswil, Switzerland). The exoskeletal legs of the Lokomat were attached to the subject's legs with cuffs strapped around the midthigh and upper and lower shank. The Lokomat was programmed to apply a velocity-dependent resistance (viscous force field) against hip joint movement. The resistance is defined by the algorithm M ϭ ϪB ϫ v, where M is the instantaneous amount of torque applied, B is the viscous (or dampening) coefficient (in N·m·s·rad Ϫ1 ), and v is the instantaneous angular velocity against the hip (Lam et al. 2006 ). When B is set to zero, no force is applied (null field). The specific resistance level was scaled to 10% of each individual's hip flexor maximum voluntary contraction (MVC), as measured by the Lokomat's force transducers (Bolliger et al. 2008 ) and the average angular velocity during the swing phase of baseline walking.
To familiarize themselves with the apparatus, subjects walked for several minutes with the Lokomat and were instructed to walk at a normal pace and pattern. Treadmill speed was set to 2.5 km/h and remained constant throughout the experiment. We selected this speed because pilot testing showed that this was a comfortable, tolerable treadmill speed for both bipedal and unipedal walking. During baseline walking the natural walking tempo was determined with a metronome, which was then used to ensure consistency in tempo across all subsequent trials. Data were collected during baseline (no resistance) bipedal walking with the Lokomat. Two subsequent trials of baseline unipedal walking were then collected for each leg (Base R and Base L). During unipedal walking, one leg was free to move while the other was fixed in a position of knee flexion with the hip at neutral. Velcro straps were secured around the metal struts of the Lokomat to help ensure that the hip and knee remained stationary (Fig. 1 ). Participants wore a harness to support them during the swing phase of unipedal walking. During all unipedal walking trials, subjects were instructed to maintain the stationary leg quiescent and were provided with visual feedback of their EMG activity to assist them with this. After the baseline trials, half of the subjects underwent experiment 1 (n ϭ 10) and the other half underwent experiment 2 (n ϭ 10). Experiment 1. Subjects first performed resisted unipedal walking with the right leg (trained leg). The resistance was turned on and off according to the pattern depicted in Fig. 2A , left. This pattern consisted of 1 step with resistance (R ON1) immediately followed by 1 step without resistance (catch trial, R OFF1), followed by an adaptation period in which the resistance was applied for 100 consecutive steps (R ON2). Another catch trial then occurred (R OFF2), followed by 10 steps with resistance. The treadmill was then stopped, and subjects remained stationary while the left leg was released from the Velcro straps and the right leg was secured in place. Subjects then performed resisted unipedal walking with the left leg (test leg), with the same pattern of resistance application as described for the right side ( Fig. 2A, right) . This experimental paradigm allowed us to use changes in locomotor activity during both the adaptation period and the catch trials as tests for interlimb transfer of anticipatory motor adaptations. Since aftereffects were not observed to occur until after at least 3 steps against resistance (Lam et al. 2006) , we reasoned that we would not see an aftereffect in R OFF1 (after only 1 step against resistance) but that if there was interlimb transfer we would see an aftereffect in L OFF1 (in the test leg) that should be comparable in size to aftereffects seen after lengthy exposure to the resistance (R OFF2 and L OFF2).
Experiment 2. Subjects first performed right-side resisted unipedal walking as described in experiment 1 (Fig. 2B, left) . The treadmill was then stopped, and the legs were switched to perform left-side unipedal walking. Subjects then performed left-side unipedal walking consisting of 100 steps without resistance (null period) followed by the pattern of the resistance in the same pattern as described before (Fig.  2B, right) . This experimental paradigm allows us to test whether interlimb transfer is so robust such that an aftereffect can be elicited in the test leg even before that leg has been exposed to the resistance (NULL1), similar to what has been reported in previous studies of upper limb adaptations (Shadmehr and Mussa-Ivaldi 1994) . Because of the possibility that there would be an immediate aftereffect in the test leg, we provided a 100-step null period for deadaptation. The application of resistance to the test leg after this null period allows us to determine whether any interlimb transfer effects can also withstand any deadaptation.
In all trials, the resistance was always turned on or off during midstance, which is a point in the gait cycle where angular velocity is low compared with the rest of the cycle. . The application of resistance followed the same pattern for both legs: 1 step against resistance (ON1) followed by a catch trial in which the resistance was removed (OFF1) followed by 100 steps against resistance (ON2, adaptation period) and another catch trial (OFF2). In experiment 2, the application of resistance was preceded by a 100-step null period in which no resistance was applied.
Data Analysis
A custom-designed program in MATLAB (MathWorks, Natick, MA) was used for all off-line data analysis. EMG and kinematic data were divided into individual strides (stance and swing) as determined by the FSRs. EMG data were rectified and filtered (low pass: 100 Hz, 4th-order Butterworth). All data from the unipedal walking conditions were normalized to the peak of the average baseline EMG during a stride cycle from the respective unipedal baseline walking of the same leg. EMG data were quantified by the average amplitude during the portion of the gait cycle where each muscle has the most activation (swing phase for the RF and TA; stance phase for the BF and MG). Kinematic data were low-pass filtered at 6 Hz and quantified by the peak toe trajectory height, peak hip flexion angle, peak knee flexion angle, and peak ankle dorsiflexion angle during the swing phase. Note that because of equipment error, knee and ankle angle data were missing from one subject.
The step-by-step change in peak hip flexion during the swing phase of steps in the 100-step adaptation periods (R ON2 and L ON 2) was used to track the rate of adaptation to resistance. The time course of adaptation (TCA) was calculated by using a 3-point moving average to determine the number of steps required for peak hip flexion angle to reach the lower 95% confidence interval bound of the last 10 steps against resistance (Fortin et al. 2009 ).
Muscles of the stationary left leg during right unipedal walking were evaluated for bursting of activity throughout the initial training trial with resistance with a fast Fourier transform (FFT). Muscles were considered to be bursting if the FFT showed a peak corresponding to step frequency, indicating the presence of muscle bursts at least once per step cycle.
Statistical Analysis
All statistical analyses were conducted with a commercially available software package (SPSS 17.0; SPSS, Chicago, IL). An ␣ value of 0.05 was used for all statistical evaluations. When necessary, a Bonferroni correction was applied to all post hoc analyses to account for multiple comparisons. If the data violated the assumptions of Mauchly's test of sphericity, a Greenhouse-Geisser correction was used to obtain a valid F-ratio.
The effects of the resistance in the trained leg were tested by a repeated-measures ANOVA comparing baseline, the first step against resistance, and the average of the last 10 steps against resistance on the EMG and kinematic variables. Post hoc comparisons were performed on all three possible contrasts: baseline vs. first step against resistance; baseline vs. average of last 10 steps against resistance; first step vs. average of last 10 steps against resistance.
To determine whether there was interlimb transfer of motor adaptations, a 2 ϫ 3 ϫ 2 mixed-measures ANOVA on lower limb kinematic parameters was used to determine whether there was a main effect of leg (trained leg, test leg), time (baseline, OFF1, OFF2), and experiment (experiment 1, experiment 2) and whether there were interaction effects. The presence of interlimb transfer would be defined by a significant interaction effect between leg and time. The presence of interlimb transfer was also tested by comparing the rate of adaptation (TCA) of the trained versus test leg with a paired t-test. To confirm whether there were immediate transfer effects prior to any exposure to resistance in the test leg during experiment 2, a paired t-test was used to compare left lower limb kinematics during NULL1 with that during Base L.
RESULTS
Bipedal vs. Unipedal Walking
Graphical comparisons between baseline bipedal walking versus unipedal walking are shown in Fig. 3 . There were differences in the muscle activation pattern between unipedal and bipedal walking. In particular, BF activity was greater during the stance phase of unipedal walking compared with bipedal walking. Also, RF exhibited greater activity throughout the gait cycle during bipedal walking compared with unipedal walking. TA and MG showed similar patterns of activation across the step cycle. It can also be appreciated from Fig. 3 that the kinematic patterns of the hip, knee, and ankle joint angular trajectories were generally similar between unipedal and bipedal walking, as indicated by the overlap in the standard deviation between the walking conditions. Figure 4 illustrates the kinematic and EMG patterns of the trained (right) leg during baseline unipedal walking, the first step against resistance, and the last 10 steps against resistance. A repeated-measures ANOVA revealed an effect of resistance on RF activity during swing [F(2,38) ϭ 16.5, P Ͻ 0.001]. Post hoc tests showed that there was a significant increase in RF activity in the first step against resistance compared with baseline (P ϭ 0.012) and across the last 10 steps against resistance compared with baseline (P Ͻ 0.001). Also, the first step and last 10 steps against resistance of RF activity were significantly different from each other (P ϭ 0.005). There was also a significant main effect of resistance in TA activity [F(2,38) ϭ 3.80, P ϭ 0.03]. Post hoc testing showed that TA activity was significantly higher in the first step against resistance compared with baseline (P ϭ 0.016). There were no significant effects of resistance on BF [F(2,38) ϭ 3.31, P ϭ 0.067] or MG [F(2,38) ϭ 1.79, P ϭ 0.18] activity.
Response to Resistance
There were also significant effects of resistance on lower limb joint kinematics. There was a significant main effect of resistance on peak hip flexion [F(2,38) ϭ 57.37, P Ͻ 0.001]. Post hoc tests showed that peak hip flexion was significantly lower than baseline during the first step (P Ͻ 0.001) and over the last 10 steps (P ϭ 0.012) against resistance. There were no significant changes in peak knee flexion with resistance [F(2,36) ϭ 1.55, P ϭ 0.23]. At the ankle, there was a significant main effect of resistance on peak dorsiflexion [F(2,36) ϭ 6.33, P ϭ 0.004]. Post hoc testing showed a significant increase above baseline for the first step against resistance (P ϭ 0.01). There were no significant changes in peak toe height with resistance [F(2,38) ϭ0.83, P ϭ 0.44].
Interlimb Transfer: Evaluation of Aftereffects and Adaptation Rate
Aftereffects were observed when the resistance was removed during the catch trials (Fig. 5) . These can be seen as a noticeable increase in peak hip flexion, knee flexion, and toe trajectory height during the swing phase compared with baseline (Fig. 5, right) . EMG activity and ankle angle showed little difference compared with baseline during the catch trials. To determine whether there was interlimb transfer of the adaptation to resistance, changes in peak hip and knee flexion and peak toe trajectory height during each of the catch trials were compared between the legs (Fig. 6 ). (Note that there were no significant changes in EMG activity or peak ankle dorsiflexion angle, so the data are not plotted.)
For peak hip flexion (Fig. 6A) , there was a significant main effect of time [F(2,36) ϭ 77.59, P Ͻ 0.001], with all compar- isons among baseline, OFF1, and OFF2 significantly different from each other (P Ͻ 0.001 for all comparisons). There was also a significant leg by time interaction effect [F(2,36) ϭ 4.07, P ϭ 0.025]. Post hoc analysis showed that peak hip flexion during OFF1 was significantly greater in the test leg compared with the trained leg (P ϭ 0.016).
For knee flexion (Fig. 6B) , there was a main effect of time [F(2,34) ϭ 23.88, P Ͻ 0.001] and experiment [F(1,17) ϭ 5.64, P Ͻ 0.029] but no significant interaction effects. Post hoc analysis showed that peak knee flexion values in both OFF1 and OFF2 were significantly greater than baseline (P Ͻ 0.001 for both comparisons). Peak knee flexion values in experiment 1 were significantly greater than those in experiment 2 (P Ͻ 0.001).
For peak toe height (Fig. 6C) , there was a main effect of time [F(2,36) ϭ 26.42; P Ͻ 0.001] but no other significant main or interaction effects. Post hoc analysis showed that peak toe height values in both OFF1 and OFF2 were significantly greater than baseline (P Ͻ 0.001 for both comparisons).
We also compared the rate of adaptation to resistance at the hip between the two legs to determine the presence of interlimb transfer. An example of how the TCA was calculated from single subjects is shown in Fig. 7A , and group averages (n ϭ 20; experiments 1 and 2) comparing the TCA for the trained and test legs are illustrated in Fig. 7B . There was no significant difference in the adaptation rates between the test and trained legs across all subjects [P ϭ 0.11; trained leg (R ON2): mean ϭ 10.65 steps, SD ϭ 15.03 steps; test leg (L ON2): mean ϭ 5.40 steps, SD ϭ 5.15 steps] (Fig. 7C) . One subject was a notable outlier, with an adaptation rate Ͼ60 steps. Even with this subject's data removed, there was no significant difference in adaptation rates between legs (P ϭ 0.22).
In experiment 2, we tested the possibility that transfer of adaptations might be observed in left unipedal walking immediately following training of the right leg and previous to left leg exposure to the resistance. However, no aftereffects were present during NULL1. There were no differences in hip angle (P ϭ 0.58; baseline: mean ϭ 31.36°, SD ϭ 4.02°; NULL1: mean ϭ 31.05°, SD ϭ 4.06°), knee angle (P ϭ 0.51; baseline: Fig. 4 . Locomotor activity in response to resistance. Left: averaged EMG and kinematic patterns across all subjects in response to the resistance during right-side unipedal walking. Plots show the response to the 1st step taken against resistance and the average of the last 10 steps taken against resistance compared with baseline unipedal. All EMG data in each subject were normalized to the peak of the averaged EMG of each muscle during baseline. In the kinematic plots, positive values indicate flexion. All data were normalized in time to 100% of the step cycle, and 0% represents initial heel contact. Right: average EMG amplitude, peak joint flexion, and resistance values. MVC, maximum voluntary contraction. *Significant difference in activity.
mean ϭ 67.96°, SD ϭ 5.38°; NULL1: mean ϭ 66.53°, SD ϭ 10.53°), or toe height (P ϭ 0.54; baseline: mean ϭ 80.0 mm, SD ϭ 14.09 mm; NULL1: mean ϭ 84.97 mm, SD ϭ 36.19 mm) compared with baseline.
Stationary Limb Activity
Subjects were instructed to keep their stationary leg quiescent during unipedal walking. However, only 2 of 20 subjects were able to accomplish this, according to the FFT analysis. A secondary analysis with the data from these two subjects omitted did not change our main findings.
DISCUSSION
This study examined whether there was interlimb transfer of an acquired motor adaptation to a velocity-dependent resistance applied against the hip during unipedal walking. As previous research has shown, the application of resistance to one leg during bipedal walking may impose differences in kinematic and muscle activity patterns in the nonresisted limb (Savin et al. 2010) . Unipedal walking allowed us to isolate training effects to a single limb during walking. Adaptations to resistance during unipedal walking were manifested as an immediate increase in RF activity accompanied by changes in peak hip flexion during the swing phase of walking, which were consistent with adaptations to a similar perturbation during bipedal walking (Lam et al. 2006 ). Aftereffects were manifested as an increase in peak hip and knee flexion angle and peak toe trajectory height during the swing phase of catch trials. Unlike bipedal walking (Lam et al. 2006) , however, aftereffects were apparent very quickly, after only one step against resistance. Overall, the evidence for interlimb transfer of locomotor adaptations during unipedal walking was not robust. The timing and magnitude of aftereffects were not different between the trained and test legs, except for peak hip flexion, which was significantly greater in OFF1 in the test leg compared with the trained leg. Also, there were no significant differences in the rate of adaptation to the resistance in the test (left) leg compared with the trained (right) leg (experiments 1 and 2), although there was a trend for the rate of adaptation to be faster in the test versus trained leg. There were also no aftereffects in the test leg directly after training (experiment 2) and no interaction effects involving the experiment parameter, indicating that the null period did not reveal interlimb transfer of aftereffects.
Generalization of Motor Adaptations
There are several examples of how training in one limb facilitates the subsequent acquisition and performance of the same motor task in the other limb, including the effects of resistance training (Lee and Carroll 2007) , finger sequencing tasks (Japikse et al. 2003) , an inverted-reverse printing task (Parlow and Kinsbourne 1989) , and targeted reaching tasks in a force field (Criscimagna-Hemminger et al. 2003; Dizio and Lackner 1995; Wang and Sainburg 2004) or visuomotor transformations (Wang and Sainburg 2003) . For procedural, fine motor tasks executed with the fingers, changes in interhemispheric inhibition between primary motor cortices (Perez et al. 2007b ) and activity in the supplementary motor area (Perez et al. 2007a ) have been associated with better transfer of skill from one limb to the other.
For walking, there is so far little evidence for interlimb transfer of locomotor adaptations. Our results do not unequivocally support the existence of interlimb transfer of motor adaptations during walking, since only peak hip flexion showed a significant leg by time interaction effect and there were no differences in the adaptation rates between the legs. Other studies have also reported that there is no interlimb transfer of locomotor adaptations. It has been argued that each limb has its own central pattern generator and that each is modulated by supraspinal input and interneuronal connections between the legs to promote flexibility in different environments (Choi and Bastian 2007) . One study examined aftereffects during one-legged hopping over a treadmill to immediate on-the-spot hopping over ground (Anstis 1995) . Aftereffects, Fig. 5 . Aftereffects following removal of resistance. Averaged EMG and kinematic patterns across all subjects in response to removal of the resistance during the catch trials of right-side unipedal walking are plotted. Plots show the response in the 1st catch trial (R OFF1), which followed 1 step against resistance, and the second catch trial (R OFF2), which followed 100 steps against resistance compared with baseline unipedal walking. All EMG data in each subject were normalized to the peak of the averaged EMG of each muscle during baseline. In the kinematic plots, positive values indicate flexion. All data were normalized in time to 100% of the step cycle, and 0% represents initial heel contact. manifested as forward hopping, occurred in the trained leg only but did not transfer to the untrained leg. There was also no transfer of adaptations between the legs during a split-belt treadmill task that involved one leg moving backward and the other forward (Choi and Bastian 2007) or each leg stepping at different speeds (Prokop et al. 1995) . We saw only a trend for adaptation rates to be faster in the test leg versus the trained leg. These findings along with our present results indicate that interlimb transfer of these types of locomotor adaptations is not a robust phenomenon. Indeed, when we conducted a post hoc power analysis (Faul et al. 2009 ), we found that we would have required 91 subjects to find a significant difference in adaptation rate between the two legs or 100 subjects to find a significant time by leg interaction effect for peak toe height at a power of 95% and ␣ of 0.05.
Interlimb transfer may be more robust if the locomotor task involves an explicit learning component, which our study and the others cited above (Anstis 1995; Choi and Bastian 2007; Prokop et al. 1995) did not include. van Hedel et al. (2002) showed that there was interlimb transfer of "learning" of an obstacle stepping task over a treadmill. Vision of the oncoming obstacle was blocked, and subjects were provided with an auditory cue that signaled the arrival of the obstacle and provided feedback about the "target" foot clearance over the obstacle. Kinematic and lower limb EMG measures revealed that the adaptation rate in the test leg was faster than in the trained leg, indicating that the test leg did not have to "relearn" the target foot trajectory height over the obstacle. Differences in the nature of the locomotor task could account for the different findings of the study of van Hedel et al. (2002) versus the other studies cited above and our results. Specifically, the auditory cue provided an explicit feedback component about performance that other studies on interlimb transfer during walking, including our present study, did not include. Indeed, others have shown that awareness of task perturbations may facilitate the transfer of motor adaptations (Malfait and Ostry 2004) . During reaching movements, interlimb transfer of ad- Fig. 6 . Evaluation of interlimb transfer using aftereffects. Average peak hip flexion (A), knee flexion (B), and toe trajectory height (C) during the swing phase of walking during baseline, OFF1, and OFF2 of the right and left legs across all subjects in experiment 1 (left) and experiment 2 (right). Data are presented slightly offset along the x-axis for clarity. Error bars represent SD. *Significant interaction effects. Description of main effects can be found in the text. Fig. 7 . Evaluation of interlimb transfer using rate of adaptation to resistance. The step-by-step values of peak hip flexion angle during the swing phase of each step taken against resistance were used to calculate the time course of adaptation (TCA) in each subject. A: an example from a single subject. Horizontal lines represent the average and 95% confidence interval boundaries of the last 10 steps against resistance, which was used to determine TCA (see METHODS for more details). B: group averages of the step-by-step change in peak hip flexion in right (trained) and left (test) legs. Arrows represent the average TCA in each leg across subjects. C: TCAs of the right (trained) and left (test) legs averaged across all subjects are plotted as the large diamond symbols (error bars represent SD). Individual subject data are plotted as gray dots.
aptations to force field perturbations is facilitated when the perturbation is introduced abruptly and results in clear movement errors during initial training (Malfait and Ostry 2004) . Furthermore, subjects had visual feedback of their performance (whether they reached a target).
In our study, although subjects were not provided with any specific feedback about the task or any performance measures, the sudden introduction of the perturbation could have produced a conscious awareness of the resistance that may have engaged declarative systems (Keisler and Shadmehr 2010) . This could also account for why aftereffects were produced so quickly, after only one step against resistance. However, despite the possibility that there could have been an explicit component to our task, we did not find strong evidence for interlimb transfer, which is at odds with previous studies in the upper and lower limb (Malfait and Ostry 2004; van Hedel et al. 2002) .
Leg Dominance and Interlimb Transfer
Although leg dominance is not usually a consideration in gait studies, slight gait asymmetries have been reported in able-bodied individuals (Sadeghi et al. 2000) . In the present study, all subjects were right-leg dominant and the right leg was always the trained leg. Potential differences in transfer of different directions (dominant¡nondominant and vice versa) were not assessed, but nevertheless we showed no transfer from dominant to nondominant leg. Interlimb transfer studies in the upper limb have examined the effect of limb dominance (i.e., handedness). It has long been established that one arm (typically the right) is usually more dominant (greater strength, dexterity) than the other and that this is reflected cortically (Goble and Brown 2008) . The direction of transfer of adaptations in the upper limb appears to vary depending on the task, e.g., ball catching (Morton et al. 2001) , prehension (Frak et al. 2006) , force perturbation (Criscimagna-Hemminger et al. 2003; Wang and Sainburg 2004) , or visuomotor perturbations (Sainburg and Wang 2002) , and whether the dominant or nondominant arm is trained first (Goble and Brown 2008) .
It has been postulated that adaptations may be more readily transferable from the dominant limb to the nondominant, or vice versa, and may also depend on the type of adaptation elicited (Wang and Sainburg 2004) . Interhemispheric asymmetries in the specialization of specific movement features are thought to underlie this phenomenon (Wang et al. 2010) . The dynamic dominance hypothesis proposes that, for right-hand dominant individuals, the dominant hemisphere specializes in the dynamic properties of a complex movement task (e.g., limb trajectory during reaching) and the nondominant hemisphere in static, posture-related goals (e.g., target accuracy) (Sainburg and Wang 2002) . Recent studies have examined the nature of interlimb transfer of adaptations in lower limb tasks. Transfer of ankle motor control was shown for both trajectory control and final position accuracy from the nondominant (left) foot to the dominant (right) foot during a visuomotor ankle task (Morris et al. 2009 ), which is somewhat inconsistent with the dynamic dominance hypothesis. However, in another recent study using a lower limb pointing task, it was shown that differences in the subjects' perception about the goal of the task (spatial vs. dynamic movement goals) can direct interlimb transfer of learning consistent with the dynamic dominance hypothesis (Stockel and Wang 2011) .
Differences in upper and lower limb involvement in daily activities (i.e., goal-directed reaching vs. walking) have been proposed as an explanation for possible discrepancies in the role of limb dominance in interlimb transfer of upper versus lower limb motor adaptations (Morris et al. 2009 ). However, locomotion and upper limb reaching movements have previously been argued to share similar neural correlates (Georgopoulos and Grillner 1989). The coordination of joint movement during a reaching task could be considered to have evolved from locomotion (Georgopoulos and Grillner 1989) . Likewise, the control of foot trajectory during walking may also be considered as a precision, target task, albeit a dynamic one (Winter 1992) . Future studies designed to test dominant¡non-dominant versus nondominant¡dominant interlimb transfer could be helpful in understanding whether different movement parameters (e.g., movement trajectory vs. end-point accuracy) are also differentially controlled during human walking.
Conclusions
In this study, we found limited evidence for interlimb transfer of locomotor adaptations during a unipedal walking task. Factors such as the level of cognitive engagement and specific movement goals of the locomotor task could have affected the extent of interlimb transfer in this study compared with previous work (Anstis 1995; Choi and Bastian 2007; Prokop et al. 1995; van Hedel et al. 2002) . Further work is required to elucidate the contribution of explicit feedback about locomotor performance, specific task requirements, as well as the possible role of leg dominance on interlimb transfer of locomotor adaptations.
